We report absolute frequency measurements of the a 1 , a 10 , and a 15 hyperfine components of molecular iodine P(28) 30-0 line at 535 nm. A frequency-doubled 1070 nm Nd:GdVO 4 laser is frequency stabilized to a hyperfine component of I 2 using the third-harmonic demodulation technique. The frequency stability of 3 × 10 −12 is achieved at 10 s averaging time when its frequency is stabilized to the a 1 component. An optical frequency comb is used to measure its absolute frequency. The pressure shift is investigated to obtain the absolute frequency at zero pressure. The effect of pressure and power broadening of the a 10 component are also investigated. This light source can be used for investigating parity nonconservation effect in atomic thallium.
INTRODUCTION
The broad spectrum of molecular iodine has been widely used for optical wavelength reference or laser frequency stabilization in the visible and near-infrared region. The iodinestabilized lasers provide frequency references for various high-precision atomic experiments [1] [2] [3] [4] [5] and several of them are recommended as the wavelength standards by the Comité International des Poids et Mesures [6, 7] . The extensive precision measurements of iodine spectrum allow us to characterize and calculate the iodine hyperfine structures [8] . The accuracy of the calculation depends on the high-precision transition frequencies measured by available stable laser sources. Diode-pumped solid-state lasers (DPSS) with good beam quality, narrow linewidth, and high stability are outstanding light sources for laser spectroscopy. Nonlinear optical-frequency conversion, such as second-harmonic generation, enables the infrared DPSS to be locked to the hyperfine transitions of molecular iodine in the visible. For example, the iodine-stabilized frequency-doubled Nd:YAG lasers at 532 nm show excellent stability and the absolute frequencies of iodine hyperfine transitions near 532 nm have been measured to very high accuracy using the optical frequency comb (OFC) [9] [10] [11] [12] [13] .
In this report we present the Doppler-free saturation spectroscopy of the hyperfine transitions of 127 I 2 P(28) 30-0 line at 535 nm using a frequency-doubled 1070 nm Nd:GdVO 4 laser. Saturation spectroscopy is used to observe the hyperfine spectrum. The Nd:GdVO 4 laser is stabilized to the a 1 , a 10 , and a 15 hyperfine components and their absolute frequencies are measured by an OFC. The pressure shift is investigated to obtain the absolute frequency at zero pressure. The effect of pressure and power broadening of the a 10 component are also investigated. Our results are useful for improving the theoretical calculation. In addition, the frequency of this iodine line is very close to the 6P 3∕2 → 7S 1∕2 transition of the thallium atom. The parity nonconservation (PNC) effect has been observed in atomic thallium system using 6P 1∕2 → 6P 3∕2 transition in 1995 [14, 15] . Electromagnetically induced transparency (EIT) has been proposed to improve the PNC measurement [16] in which a 535 nm laser is required. Therefore, this laser is useful for searching the PNC effect in thallium.
EXPERIMENTS
The schematic diagram of our experiment is shown in Fig. 1 . The laser source is a frequency-doubled 1070 nm Nd:GdVO 4 laser. The 1070 nm Nd:GdVO 4 laser uses a volume Bragg grating (VBG) as the output coupler and the wavelength selector. This 1070 nm laser is similar to our early version [17] except an Nd:GdVO 4 laser crystal with a spherical input surface [(R 30 cm, high-transmission (HT) at 808 nm, highreflection (HR) at 1070 nm)] and a flat end surface [(antireflection (AR) at 808 and 1070 nm)] is adopted to replace the concave cavity mirror and the flat-flat Nd:GdVO 4 laser crystal to increase the frequency stability. The spherical surface of this laser crystal acts as the concave mirror of the plano-concave laser cavity. The laser crystal is mounted on a PZT for cavity length tuning. The laser is put in an aluminum housing whose temperature is tuned by a thermoelectric temperature controller to reduce the air and thermal fluctuations. The frequency of the laser can be tuned coarsely by the VBG temperature and finely by the PZT voltage. The VBG temperature is set to 45°C for the iodine P(28) 30-0 line wavelength. There are three main output beams due to the reflections of the Bragg grating planes and the VBG surfaces. All outputs are linearly polarized. The central beam is used to carry out our spectroscopy experiment. One of the side beams is directed into a confocal Fabry-Perot interferometer (FPI). The laser frequency is locked to the FPI to reduce its frequency jitter. To lock the laser to the FPI, the FPI cavity length is modulated at 1.3 kHz. The 1070 nm light signal after the FPI cavity is demodulated to obtain the error signal for locking. The power of the central beam is boosted by a 900 mW Yb-doped fiber amplifier. The amplified 1070 nm laser beam is then focused into a 50 mm long MgO doped periodically poled lithium niobate (MgO:PPLN) crystal with a lens ( f 100 mm) for frequency doubling. The PPLN crystal is mounted in a temperature-stabilized oven and the quasi-phase matching condition is achieved around 107°C. After passing through the PPLN, the frequency-doubled 535 nm light is collimated to 8.4 mm in diameter. The 1070 nm light is separated out by two dichroic mirrors (DMs). The 1070 nm light passing through the first DM is transferred to an OFC [18] by a polarization maintaining single-mode fiber for frequency measurement. The 535 nm green light power after these two DMs is typically 46 mW at an input IR power of 700 mW, which corresponds to 6.5% power conversion efficiency.
The second-harmonic generated 535 nm light is then used to observe the saturation absorption signal of the hyperfine components of the P(28) 30-0 line in an iodine vapor cell. The linear polarized green light passing through a polarizing beam splitter (PBS) and a quarter-wave plate (λ∕4) is transformed into circularly polarized light, and goes through an iodine vapor cell acting as the saturating beam. The 6 cm long iodine vapor cell with plane windows is slightly tilted in the beam direction to prevent backreflection into the laser system. The cold finger of the cell can be temperature controlled from 0 to 23°C and accordingly the iodine vapor pressure from 4.1 to 34.9 Pa. The circular polarized green light is further separated by a 90∕10 beam splitter (BS). The weaker beam after the BS is retroreflected by a mirror into the iodine cell acting as the probe beam. Then it passes through the λ∕4 plate and PBS to the signal input of an autobalanced receiver (New Focus 2017 Nirvana). The stronger beam is directed into the reference input of the autobalanced receiver. The autobalanced receiver is used to suppress the intensity noise of the 535 nm light. The optimum ratio of signal and reference optical powers for noise cancellation is achieved by a variable aperture in front of the reference input. The signal monitor port of the receiver was used to observe the probe beam intensity. To obtain the third-derivative saturated absorption signal of the iodine P(28) 30-0 line for frequency locking the laser frequency is modulated at 13.9 kHz. The balanced signal from the receiver is demodulated with a lock-in amplifier (Standard Research Systems SR830) at the third-harmonic of 13.9 kHz. The time constant is set to 30 ms at 12 dB∕oct. To lock the laser frequency to the hyperfine transition, the resulting third-derivative signal is feed through a proportional and integral (PI) servo loop to control the FPI cavity length.
Once the laser is locked to one of the hyperfine transitions, the 1070 nm laser frequency is measured by a self-referenced OFC [18] , which is based on a 1 GHz mode-locked Ti:sapphire laser with spectrum expanded using a microstructure fiber. The repetition frequency f rep and offset frequency f offset of our OFC are phase locked to a GPS-disciplined Rb clock. The accuracy of our OFC is better than 1 × 10 −12 at a 1000 s measurement time. The transition frequency is determined by the following relation:
where N is a mode number and f beat is the beat frequency between laser and the nearest comb line. To determine N, the laser frequency is measured by a wavemeter with uncertainty less than 1 GHz. The absorption spectrum has also been scanned over a range of several gighertz to identify the transitions according to the pattern predicted by the IodineSpec5 [8] . The repetition rate is much larger than the expected uncertainty of IodineSpec5, so the mode number N can be determined by comparing the resulting frequency value using Eq. (1) with the IodineSpec5 prediction. The frequency measurement is further confirmed using different repetition rate and offset frequency of the OFC. Figure 2 shows the saturation absorption spectrum of the P(28) 30-0 line of 127 I 2 at 535 nm using the third-harmonic demodulation method. Here, the 1070 nm laser is locked to Fig. 1 the FPI cavity and the laser frequency is scanned across the molecular iodine resonance by tuning the FPI cavity length. The 535 nm optical powers of the pump and probe beams, both having a diameter of 8.4 mm, are 22.9 and 0.39 mW, respectively. The optical intensity of the probe beam is slightly different for each hyperfine transition due to the iodine absorption. The cold-finger temperature of the iodine cell is held at 14.5°C to keep the pressure at 16.5 Pa inside the cell. The laser frequency is modulated at 13.9 kHz with a modulation width of 5.2 MHz for locking the laser frequency to the hyperfine transition. The well isolated a 1 , a 10 , and a 15 hyperfine transitions are chosen for laser stabilization. The inset in Fig. 2 shows the third-derivative signal of the a 1 line. The SNRs of the a 1 , a 10 , and a 15 components at lock-in time constant 30 ms at 12 dB∕oct are approximately 1000, 500, and 900, respectively. The beat frequency between the iodine-stabilized 1070 nm laser and the OFC is measured using a high-frequency counter (Agilent A53150) with a 100 ms gate time and 500 data points are recorded for each beat frequency measurement. Then the average value is used to derive the absolute frequency of the hyperfine transition using Eq. (1). To investigate the laser frequency stability, the beat frequency is utilized to calculate the Allan deviation with 1000 data points, shown in Fig. 3 . The laser frequency has a fractional Allan deviation of 3 × 10 −12 at 10 s averaging time, when the laser was stabilized to the a 1 component at iodine vapor pressure of 16.5 Pa.
RESULTS AND DISCUSSION
To determine the transition frequency at zero pressure, the pressure shift must be investigated. For pressure shift measurement, the pump and probe powers are fixed at 22.9 and 0.39 mW, respectively, and the cold-finger temperature is changed to control the vapor pressure of the iodine cell. The iodine partial pressure inside the cell is calculated according to the following formula [19] :
where P is the iodine vapor pressure in Pascal and T is the cold-finger temperature in Kelvin. The cold-finger temperature of the iodine cell is varied from 0.1°C (4.2 Pa) to 20.2°C (26.9 Pa). All the measured frequencies in the test pressure range are used to determine the zero-pressure absolute frequency and the pressure shift coefficient. Figure 4 shows the frequency measurement versus iodine vapor pressure. The statistical expected zero-pressure absolute frequencies are 560 151 411 260(2) kHz, 560 151 982 649(1) kHz, and 560 152 269 813(1) kHz for the a 1 , a 10 , and a 15 components, respectively. The pressure shift coefficients for the a 1 , a 10 , and a 15 components deduced from the linear relationship of the measured absolute frequencies versus vapor pressures are −5.28 0.08 kHz∕Pa, −5.23 0.07 kHz∕Pa, and −5.12 0.05 kHz∕Pa for the a 1 , a 10 , and a 15 components.
Besides the correction of the pressure shift, another systematic uncertainty that comes from the servo-loop electronics is found to be around 10 kHz. The DC offset from the lock-in amplifier also enters into an uncertainty of around 2 kHz. Table 1 shows the measurement results of the three transition frequencies during one month and the comparisons with the calculated values.
To investigate the pressure and power broadening of the a 10 component, we adopt the method proposed by Fang et al. [20] to determine the linewidth by measuring the dependence of the peak amplitude of the third-derivative signal on the modulation width. The peak amplitude of the third-derivative signal on the normalized modulation width δ A can be written as 
where γ is the linewidth associated with the limit of weak saturating and probe beams, P is the power in the saturating beam, and P S is the saturation power. Through a nonlinear least-squares fit to the data in Fig. 6 , we obtained γ 1.914 MHz and P S 28.6 mW, corresponding to a saturation intensity of 51.6 mW∕cm 2 . However, the saturation intensity is not reliable due to the limited available data points. With a linear fit the measured power broadening slope is 12.62 kHz∕mW.
CONCLUSIONS
In summary, a frequency-doubled 1070 nm Nd:GdVO 4 laser is stabilized to the a 1 , a 10 , and a 15 hyperfine transitions of P(28) 30-0 line of 127 I 2 and their absolute frequencies are measured by an OFC. The pressure shift in the iodine cell is investigated to deduce the zero-pressure absolute frequency. The pressure broadening and power broadening effects are also investigated for the a 10 hyperfine component. The P(28) 30-0 line of iodine is close to the 6P 3∕2 -7S 1∕2 transition of the thallium atom. This laser system will be employed to investigate the 6P 3∕2 − 7S 1∕2 transition using a thallium hollow cathode lamp and the PNC effect using the EIT spectrum in atomic thallium. The uncertainty is the combined error of statistical error and another systematic uncertainties which come from the servo loop and the DC offset of the lock-in amplifier.
b Calculated from IodineSpec5 [8] . 
